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AE%STRACT 

The concentrations of phosphorus in raw and clean 
coal samples from the Mist Mountain Formation in the 
East Kootenay coalfields of southeast British Columbia, 
and the Gates and Gething formations in the Peace River 
coalfield in the northeast of the province, have been 
compiled. Raw coals of the Mist Mountain Formation 
contain the highest nwan phosphorus concentrations 
(0.076 per cent), C&thing Formation coals are intermedi- 
ate (0.063 per cent), and those of the Gates Formation 
contain the least (0.042 per cent). Phosphorus is mainly 
associated with the inorganic fraction of the coals. The 
principal factors controlling phosphorus contents in raw 
British Columbia coking coals are the ash content and the 
types of accessory minerals, Most of the phosphorus is 
believed to be in apatite minerals, including fluorapatite. 

There are no consistent stratigraphic trends in phos- 
phorus contents in raw Mist Mountain coals, although 
coals from the upper half of the formation appear to 
contain more phosphorus, on average, than those from 
the lower half. The basal part of the formation hosts coals 
with relatively low phosphorus (and apatite) contents. In 
the case of the Gates Formation, coal seams from the 

upper part of the section contain, on average, higher 
phosphorus concentrations than those from the lower 
part. In all three coal-bearing formations, the amount of 
data scatter within individual se.ams can be very pro- 
nounced. 

The range in average clean coal phosphorus concen- 
trations, 0.030 to 0.044 per cent, is smaller than the range. 
in average raw concentrations for the three formations. 
Clean Mist Mountain and Gething Formation coals con- 
tain substantially less phosphorus than corresponding 
raw coals, while the mean in clean Gates coals is essen- 
tially unchanged from the. value in raw coals. This contrast 
is at least partly related to analytical procedures, and does 
not reflect fundamental differences in the quality charac- 
t&tics of Gates Formation coals. The hvo coal mining 
regions, northeast and southeast British Columbia, ship 
cokingcoalswithverysimilarphosphorusconcentrations. 
A representative average of phosphorus concentrations 
in clean British Columbia coking coals, including prod- 
ucts from currently producing mines and results of this 
study, is 0.05 per cent. 
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Figure 1. Locations of coking coal mines and depsits referred to in this study. 



INTRODUCTION 

Phosphorus occurs in all coals in minor or trace 
amounts. Although it is not generally regarded as a pal- 
h&ant, the concentration of phosphorus in a coal is rm 
important parameter to coal users, particularly steel 
mills. Phosphorus in steel, some of which is derived from 
coke, can be either beneticial or detrimental to its quality. 
Small additions of phosphorus are sometimes used to 
increase the strength of low-carbon sheet steel (Bloom et 
al., 1990). However, under certain conditions, phospho- 
rus addition will cause steel to become embrittled. There 
is no universally accepted tolerance level for phosphorus 
in coking coal, and in some cases it is not a major concern. 
Other variables are equally or more critical, including the 
phosphorus concentrations in the iron ore and the steel- 
making process used. Iron formations of sedimentary 
origin, for example, contain much less phosphorus than 
iron ores of igneous origin, Phosphorus content is also of 
interest to operators of sotne coal-tired boilers, because, 
under certain conditions, phosphate precipitates may 
form (Burchill et & 190). 

To date in this study, phosphorus contents of British 
Columbia coking coals have been compiled for the par- 

poses of comparison and making preliminuy conclusions 
concerning form(s) of association of phosphorus. Follow- 
up work will investigate the association of phosphorus in 
more detail. 

Coking coal in British Columbia occurs in hvo re- 
gions, the East Kootenay or southeast, and the Peace 
River or northeast (Figure 1). In the Kootenays, eco- 
nomic coals belong to the Mist Mountain Formation of 
the Jurassic-Cretaceous Kootenay Group. There are cur- 
rently four mines in the East Kootenay coalIields which 
produce coking coal: the Fording River, Balmer, 
Greenhills and Line Creek mines. A Iifth mine, Coal 
Mountain, produces and markets weak coking coal. In the 
Peace River coalIield, major bituminous coal resources 
belong to the Gething Formation of the Lower Creta- 
ceous Bullhead Group, and the younger Gates Formation 
of the Lower Cretaceous Fort St. John Group. There are 
two mines in the Peace River area, both of which produce 
coking coal: the Quintette and Bullmoose mines. In both 
cases the coal is hosted by the Gates Formation. 
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DATACOLLECI'ION 

Data usedin thispapercomefrom twomainsources, 
assessment reports, written by industry geologists to doc- 
ument exploration results on individual coal properties 
and deposits, and analysis of a set of channel samples 
collected by the. author at all seven of the mines in the 
Peace River and East Kootenay coalfields (Figure 1) in 
1989, The assessment report data are the more. represen- 
k&e, because they are based on many n~ore readings, 
and include the only Gething Formation and clean coal 
data available. The author’s samples provide an opportu- 
nity to compare concentrations of phosphorus with those 
of other trace elements and with the mineralogy of low- 
temperature ash. 

ASSESSMENT REPORT DATA 

Exploration assessment reports were used to coxn- 
pile databases of phosphorus concentrations in raw and 
clean coals. In some casts data on both raw and clean 
fractions of the sanx sample are available. The explora- 
tion properties represented by these data arc listed in 
Table 1 and their locations are shown on Figure 1. Ash 

and sulphur data were also collected for each record. 
Most of the data represent analyses of drill-core samples. 
In most case+ datawere reported as per cent phosphorus 
in coal, although for some properties the P values in coal 
had to be calculated from the concentration of P205 in 
coal ash. Most data were available on an air-dried basis, 
and those that were not were converted. Data in reports 
for which the basis of reporting was not explicitly detined 
were not included. 

SAMPLING 
Channel samples were collected from fresh coal 

faces in active mines (see Figure 1 and Table 1) for trace 
element analyses, and to provide samples for low-temper- 
ature ashing (Grieve and Holuszko, 1991). The channels 
were approximately 10 centimetres wide by5 centimetres 
deep. Each sample was intended to be representative of 
a seam or interval. In the cases of six of the seven mines, 
whole-seam samples were collected, for a totaI of thirty 
samples, twenty-two from southeast British Columbia 
and eight from the northeast. At the other mine, Line 

TABLE 1 
COAL DEPOSWS COVERED IN THIS STUDY 

REGION FORMAlTON 

PROPERTV, DEPOSIT SAMPLE 
NAME NPE 

No. 04 
AMP‘ES SOURCE C+ DATA 



Bdish Columbia 

Creek, four major seams, lOA, lOB, 9 and 8, were sampled 
in plies averaging 50 lxmtimetres in thickness, for a total 
of 37 samples. 

SAMPLE PREPARATION AND ANALYSIS 
Samples were dried, crushed, riffled and screened in 

accordance with ASTM standard procedures. Proximate 
and other routine analyses were also carried out using 
ASTM standardized techniques. Phosphorus in coal was 
determined by ASTM method D2795, and reported as 
per cent PzOs. These values were converted to per cent 
phosphorus in coal. Fluorine in coal was determined by 
ASTM method D3761. 

Representative splits of &l-mesh coal were. provided 
to the author for low-temperature ashing. This technique, 
which uses radio frequency (RF) generated oxygen 
plasma, is a routine way of producing an ash with the 
original minerals essentially preserved (see for example, 
Miller ef al., 1979). The Miistry’s plasma asher is an LFE 
Corporation model LTA-5&l, which uses an RF power 
supply that operates at 13.56 megahertz. Five to tengrams 
of coal are placed in a silica sample-boat. One boat is 
placed in each of the four 10~centimetre diameter reac- 
tion chambers, which are then evacuated using a vacuum 
pump. Ashing is done using 200 watts total RF power (50 
watts per chamber), and a total oxygen bleed-rate of 
about 30 cubic centimetres pe.r minute. Samples are left 
exposed to the oxygen plasma round-the-clock, for a total 
of about 72 how.. They are stirred at least twice a day 
using a glass rod, in order to bring onreacted coal to the 
surface. At the end of the reaction time a small amount, 
less than 1 per cent (estimated) by volume, of urea&d 
organic material is left in the residue. This is assumed to 
be made up of inertinite. Low-temperature ashes are 
ground using an agate mortar and pestle, prior to x-ray 
diffraction analysis. 

DETERhIINATION OF ORGANIC/ 
INORGANIC ASSOCIATION IN COAL, 

The mode of association of a trace element in coal is 
as important as its actual concentration (Finkelman, 

1980). One generally accepted and simple method of 
gaining a preliminay impression of this factor is to plot 
the concentration of the element versus the ash content 
(Nicholls, 1968). If the concentration increaes with in- 
creasing ash, it can be tentatively concluded that the 
element is predominantly associated with the inorganic 
fraction of the coal. Conversely, a constant or decreasing 
concentration of the element suggests an associationtith 
the organic fraction. A further refmement is to divide the 
concentration of the element in each sample by the ash 
content of the sample, in effect calculating the element’s 
concentration in ash, and to plot this value against the ash. 
With this approach, element concentrationswhichplot on 
a horizontal line sugest a predominantly inorganic asso- 
ciation, while those which plot on a line with negative 
slope imply organic association. Nicholls (1968) also 
makes a case for being able to detect a mixed association 
with this latter type of graph. Figure 8f is an example of 
the type of plot which has been interpreted in this way. It 
shows a high negative slope at low ash contents (suppos- 
edly organic association), and no slope over higher ash 
contents (inorganic). Some of the assumptions inherent 
in the use of clement/ash graphs are suspect, particularly 
the assumption that the element’s concentration is con- 
sistent in each ash increment (Nicholls, 1968). These 
assumptions will be evaluated later, with examples from 
this study. 

A second widely used approach for determining an 
element’s affmity in coal is to compare its concentration 
in specitic gravity fractions from sink-and-float testing 
(Gluskoter ef al., 1977). Elements with organic aftinity 
should be concentrated in the light fraction(s), while 
those with inorganic affinity should be enhanced in the 
heavy fraction(s). Thii aswnes, however, that mineral 
grains we physically liberated prior to the separation. 
Problemswith this assumptionwill alsobe discussed later. 

Other methods, suchas SEM-EDXanalysis (Vander 
Flier-Keller and Fyfe, 1987), have not been attempted to 
date. Future work will utilize some of the other available 
techniques to determine affinities of phosphorus and 
other trace elements. 
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RESULTS 

Data are represented in both tabular (Tables 2 to 4) 
and graphic form (Figures 2 to 11). Complete analytical 
results on the channel samples collected in 1989 are 
included as Appendii 1. 

PHOSPHORUS CONCENTRATIONS IN 
RAW COALS 

MIST MOUNTXIN FORMATION 
Raw Mist Mountain coals (from the East Kootenay 

coaltields of southeast British Columbia) have mean 
phosphorus concentrations of 0.076 per cent in the case 
of assessment report data, and 0.0% pa cent in the case 
of the whole-seam channel samples. 

Variations in phosphorus concentration with strati- 
graphic position in the Mist Mountain Formation are 
shown in Table 2 and Figures 2a and 3, An up-section 
increase in phosphorus contents has been noted at one 
location (B, Ryan, personal communication, 1988). How- 
ever, none of the data shown here suggest that there is any 
systematic variation in phosphorus values. General strati- 
graphic trends xe evident, however. For example, data in 
Figure 2a (channel samples) suggest that phosphorus 

TABLE 2 
STRATIGRAPHIC VARIATIONS IN PHOSPHORUS 
CONCENTRATIONS IN RAW MIST MOUNTAIN 

FORMATION COALS’ 
(ELK RIVER PROPERTY) 

MEANP RANGEIN P 

EAM NaolSAMPLES W) W 

2 2 0.021 0.02u - 0.022 

3 3 0.114 0.049-0.163 
4 4 0.027 0.015 -0.039 
6 I O.OW 
7 2 0.W 0.057 - 0.0% 
6 2 0.072 0.056 -0.06a 
9 2 0.030 0.028 -0.03t 

IO 2 0.059 0.046 -0.073 
,2 3 0.087 0.072 -0.109 
13 10 O.OS 0.047 -0.152 
14 6 0.059 0.039 - 0.078 
15 2 0.066 0.079 - 0.095 
16 6 0.105 0.056 0.151 
17 3 0.094 o.oed -0.113 
16 2 0.074 0.073 -0.075 

contents are lowest near the base and top of the forma- 
tion, and highest in the middle. This pattern, however, is 
almost identical to that of the ash contents of the same 
samples (Fignre 2b), suggesting that ash content is per- 
haps a more important determinant of phosphorus con- 
tent than stratigraphic position. The assessment report 
data suggest a somewhat different pattern (Table 2 and 
Figure 3). With the exception of 3-seam, the seams with 
the greatest phosphorus concentration tend to be in the 
oppa half of the formation. The basal seam (number 2) 
on the Elk River property has the lowest phosphorus 
contents, which is consistent with data in Figwe 2a. One 
obvious conclusion to be derived from Table 2 and Figure 
3 is that there is a great deal of variation in raw phospho- 
ms concentrations between samples of the same seam. 

In the cases of the four seams at Line Creek, nnmbers 
9 and 8 have higher average phosphorus contents than the 
underlying 1OA and lOB-seams at the base of the forma- 
tion, but there xe no consistent in-seam variations (Fig 
ures 2c and 2d). 

GETHING FORMATION 
Raw Gething Formation coals (from the Peace River 

coalfield) have a mean phosphorus concentration (air 
dried) of 0,063 per cent; all data we from assessment 
reports. No stratigraphic trends in phosphorus contents 
xc apparent. 

GATES FORMAIION 
Raw Gates Formation coals (from the northeast) 

have mean phosphorus concentrations of 0.042 per cent 
in the case of assessment report data, and an ahnost 
identical @I43 per cent in the case of the whole-seam 
channel samples. Assessment report data sngest that 
mean wv coal phosphorus concentrations tend to be 
higher in seams in the upper part of the Gates Formation 
than in the lower (Table 3 and Fignre 4). Again, the 
amount of variation of phosphorus values within data for 
sonx individual scans is very striking. Thii upward trend 
is basically contimxd by the channel sample data (Fignre 
2e). As was the case with the Mist Monntain channel 
samples, however, thestratigraphicprofileofphosphoms 
concentrations in channel samples matches the profde of 
ash contents in thesamesamples fairly closely (Figure2t). 
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Figure 5. Variations in phosphorus concentration with ash content, raw coals, Mist Mountain Fomntion, East Kootenay 
coalfields, (A) and(B): assessment report data;(C) and(D): whole-seam channel samples;(E) and(F): LineCreek 9-SimplYby-ply 
channel samples; (G) and(H): Line Creek &earn ply-by-ply channel samples. Large dots in(F) and(H) WpreWIt samples in whtch 
fluorapatite was positively identified in greater than trace amounts in low-temperature ash. 

Open Fik 199.220 11 



Bniish Cobunbia 

0.03 
10 20 30 40 53 60 

Fiire 6. Variations in phosphorus concentration with ash content, raw coals, Gething Formation, Peace River coaltield. AU 
data are from assessment reports. 

Figure I. Variations in phosphorus concentration with ash content, raw coals, Gates Formation, Peace River coalkId. (A) and 
(B): assssment report data; (C) and (D): whole-seam channel sx,~ples, 
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Figure 8. Variations in phosphorus concentrationwith ash content, raw co&, Gates Fomntion, Peace River coalfield. All data 
are from assessment xports, and represent subsets of data in Figure 7A and 7B. (A) and (B): Quintette; (C) and (D): Belwurt; 
(E) and(F): Saxon. 
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Figure 9. Variations in phosphorus concentration with ash content, raw coals, Gates Formation, Peace Fever coalfield. All data 
are from assessment rePorts, and rePresent subsets of data in Figue 7A and 7B. (A) and (B): QuinteWe F-seam; (C) and (D): 
Belcoutt S-seam; (E) and (F): Saxon l-seam. 
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minerals appear to be more common in Mist Mountain 
Formation coal samples than in Gates Formation coals; 
in fact, trace apatite was only tentatively identified in hvo 
out of eight Gates Formation samples. The fluorapatite 
variety of apatite was frequently identified in Mist MOWI- 
tain coals, but not in the Gates coals. Samples from seams 
in the lowermost part of the Mist Mountain Formation, in 
particular 1OA and lOB-seams from Line Creek and the 
Mammoth seam from Coal Mountain, do not contain 
detectable apatite. The phosphate mineral gorceixite, a 
member of the crandallite series, was tentatively identi- 
lied in the low-temperature ash of one Fording River 
sample. 

RELATIONSHIPS BETWEEN 
PHOSPHORUS AND FLUORINE 

The concentration of other trace elements, including 
fluorine, in the channel samples was also determined 
(Grieve and Goodarzi, in prepanzt;on). A positive corre- 
l&ion between phosphorus and fluorine would be ex- 
petted if a signiticant fraction of the phosphorus occurs 
in fluorapatite, Figure 10 displays phosphorus versus flu- 

orine plots; the hvo elements are positively correlated at 
the 99 per cent confidence level in all examples shown, 
except for the Gates Formation samples (Figure lOd), for 
which the cofidence level is 9.5 per cent. The correlation 
coefticients are as follows: Mist Mountain Formation 
(Figure 8a), 0.9% Liie Creek 9-seam (8b), O.g& Line 
Creek 8-seam (gc), 0.7& Gates Formation @d), 0.72. 

PHOSPHORUS COIWENTRATIONS IN 
CLEAN COALS 

For the Mist Mountain Formation the mean phos- 
phorus concentration in clean coals, based cm assessment 
report data, is 0.033 per cent, while the mean phosphorus 
concentration in clean Gething Formation coals is 0,030, 
and in clean Gates Formation coals the value is 0.044 per 
cent. In the last case, the value is essentially unchanged 
from the raw coal value, while for the other hvo the 
concentration in clean coals represents a significantly 
lower value than that in raw coals. This comparison is 
misleading, however, because of differences in analytical 
procedures between different exploration companies. 
Most of the Gates samples were crushed to a coarser 

Figure 10. Variations in phosphorus&h fluorine concentrations, based on raw channel samples, (A): East Kootenay coaUie&., 
wholeeeam samples (Mist Mountain Fomution); (B): Line Creek 9-seam, ply-by-ply samples l@ist Mountain Formation); (C): 
Line Creek E&seam, ply-byply samples; (D): Peace River coaltield, whole-seam samples (Gates Formation). 
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Figure 11. Changes in phosphorus 
concentrations from raw to clean ~04 
for a Gates Fonnaion deposit. Seams 
are arranged in stratigraphic order. 

- DECREflSE 

maximum size. and were floated in higher specific gravity 
media than the Mist Mountain coals. This would tend to 
hinder liberation and separation of mineral matter in the 
Gates samples. 

In certain cases, clean and raw phosphorus values are. 
available for the same set of samples. Where this occurs 
a new variable, delta e was derived for each sample, by 
subtracting the raw phosphorus concentration from the 
clean value. Delta P values b&veer, -0.01 and + 0.01 per 
cent are interpreted to represent no change, as the error 
in each reading is assumed to be 0.035 per cent. For the 
Mist Mountain Formation, phosphorus concentration de- 
creased (that is, delta P < -0.01) when the coalwaswashed 
in 39 out of 51 samples, and increased in only two cases. 
For the Gates Formation the situation is somewhat differ- 
ent, with the majority of samples, 285 out of a total of 4g6, 
experiencing no change, 79 samples showing a decrease 
in phosphorus after washing, and 59 exhibiting an in- 
crease. Again, the contrast between the Mist Mountain 
and Gates formations is not as important as it first ap- 

pears, because of the different analytical procedures re- 
fared to above. 

The large vohune of Gates Formation data also per- 
mits some seam-by-seam comparisons. In Figure 11, data 
from the coal seams from one Gates Formation deposit 
arc arranged in stratigraphic order. For each scan there 
are three stacked bars, the top one representing the 
percentage of samples in which phosphorus decreased 
during washing, the middle one the samples which 
showed no change, and the bottom bar the samples in 
which phosphorus increased. In most scans nmre than 70 
per cent of the samples exhibit no change, that is, delta P 
is between -0.01 and +O.OL However, there are two 
examples in which nmre samples show an increase 
(delta P > + 0.01) than a decrease. (the fourth and sixth 
seam up from the base). The seam situated between 
them, in contrast, has the highest proportion of samples 
showing a decrease. Even in these relatively extreme 
examples, however, the largest group of samples showed 
no change. 



DISCUSSION 

TRENDS IN PHOSPHORUS 
CONCENTRATION IN RAW COALS 

Raw Miit Mountain Formation coals have higher 
mean phosphorus concentrations than the Gething For- 
mation coals, which in turn contain more than the Gates 
Formation. There are no consistent systematic variations 
in phosphorus concentrations with stratigraphic position 
in any of the formations, although in the cases of both the 
Mist Mountain and Gates, seams from the lower half of 
the formation generally contain, on average, less phos- 
phorus than those from the upper half. Another trend is 
that the base of the Mist Mountain Formation appeas to 
contain coals relatively low in phosphorus and lacking 
phosphate minerals. In all coking coal bearing formations 
raw coal data are highly variable on all scaIes. 

Another interesting result, obtained from the chan- 
nel sample data, is that variations in phosphorus with 
stratigraphic position are similar to variations in the ash 
contents of the samples for both the Mist Mountain and 
Gates formations. This su=ests that any effect of strati- 
graphic position on phosphorus content can be overrid- 
den by the influence of variations in the ash content of 
individual samples, which has implications for the nature 
of association of the phosphorus. 

FORMS OF ASSOCIATION OF 
PHOSPHORUS 

Phosphorus in coals, especially higher rank coals, is 
generally believed to be associated predominantly with 
inorganic material (Burchillet al., 1990), although a small 
but uncertain proportion nmy be associated with the 
organic fraction @wine, 19%; Finkelman, 1980). The 
phosphorus-containing mineral phases in coals include: 
apatite, most commonly fluorapatite (Swaine, 1977); 
crandallite-series minerals; monazite; and xenotime 
(Finkelman, 1980). Several recent studies (e.8, Finkel- 
man, 198& Lyons ef al., 1990) have stressed the relative 
importance of very small (micron and submicron-sized) 
accessory mineral grains, including phosphates, dis- 
persed throughout the organic matrix, as important sites 
for trace elements in coal. 

Four types of evidence have been applied in this study 
to determine the mode of occurrence of phosphorus in 
British Columbia coking coals: comparison and correla- 
tion with ash content, low-temperature ash mineralogy, 
correlation with fluorine concentrations, and comparison 
of phosphorus concentrations in clean and raw coals. 

The graphs showing phosphorus in coal versus ash 
and phosphorus in ash versus ash (Figures 5 to 9), as 
mentioned earlier, can not be interpreted with certainty. 
As noted, however, some of the latter type of graph 
appear to have two distinct components, a linewith a high 
negative slope at low ash contents, and a horizontal line 
at higher ash contents. This type of relationship has been 
noted elsewhere (Nicholls, lW, Fiiehnan, 1980), and 
has, in some cases, been interpreted to represent two 
types of association, organic association in the low-ash 
range, and inorganic otherwise. As pointed out by 
Nicholls (1968), it is most appropriate to apply ele- 
merit/ash diagrams to data from one seam and preferably 
from one location, and the Line Creek ply-by-ply samples 
qualify. Based on data for 8 and 9-seams (Figures 5f and 
5h), it is apparent that the samples in which accessory 
apatite was identified in greater than trace amounts (large 
dots), are essentially those low-ash samples which form 
the segment ofthe graph with the high negative slope, that 
is, the portion which would be ascribed to organic asso- 
ciation using Nicholls’ approach. If all these samples were 
removed from Figures 5f and 5h, the remaining data 
would plot on horizontal lines, the relationship indicative 
of inorganic association. 

These exxnples demonstrate clearly that another 
critical variable must be considered in interpreting 
graphs like those in Figures 5 to 9, and that is the miner- 
alogy of the inorganic fraction. As noted by Fiielman 
(1980), the presence of a very small amount of an axes- 
sory mineral containing a trace element, in thii case 
apatite, is capable of producing a signilicant increase in 
the concentration of that element, with only a negligible 
increase in ash content. This effect probably has influence 
not only in the Line Creek 8 and 9-seam samples, but also 
in other instances where thii type of two-component 
graph occurs (for example, Figure Sf). Thii verities that 
the main weakness of this approach is that it wrongly 
assumes that the trace element (phosphorus in this case) 
concentration in each ash increment remains constant 
(Nicholls, lW, Finkehnan, 19EQ 

Data here therefore suggest that phosphorus in Brit- 
ish Columbia coking coals is associated with the inorganic 
fraction, primarily with apatite minerals, including 
lluorapatite. More support for this conclusion comes 
from the positive correlations behveen phosphorus and 
fluorine (Figure lo), most notably for Mist Mountain 
Formation samples. 
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The comparisons betieen phosphorus contents in 
raw and cleao samples of Mist Mountain coals also tend 
to con&m an inorganic association. For example, the 
mean phosphorus concentration in clean coal is sobstan- 
tially lower than the mean in raw coals. Moreover, where 
phosphorus values are available on both raw and clean 
coal from the same samples, the majority of clean Mist 
Mountain coals contain less phosphorus than corre- 
spondiog raw coals. 

In the cast of the Gething Formation, it was not 
possible to compare raw and clean coal from the same 
samples, but the substantially lower mean phosphorus 
concentration in clean coals, compared to raw coals, 
suaests an inorganic association. 

The situation in the Gates Formation appears to be 
different - the overall mean phosphorus concentration in 
clean coals is essentially the same as that in raw coals, and 
there is a higher proportion of samples for which removal 
of phosphorus is not achieved during washing, or for 
which phosphorus concentrations actually increased dur- 
ing washing. Despite this outcome, there is no valid basis 
for concluding that the association of phosphorus in 
Gates coals is fondamentally different. As mentioned 
previously, the sample preparation techniquesmost corn- 
manly used for the Gates samples would tend to liberate 
and separate relatively less mineral matter than those 
used for the coals from the other formations. Moreover, 
the relationships between phosphorus and ash, and be- 
tween phosphorus sod fluorine, are similar to those de- 
rived from the other formations, sog+xting that the 
association of phosphorus in the Gates Formation coals 
is similar. 

It is also important to point out that these results do 
not imply that the current product coals from mines in 
northeastern British Colombia contain more phosphorus 
than the products from the southeast mines. In fact, prod- 
ucts from the two regions are not distinguishable in terms 
of their phosphorus content (Price and Gransden, 1987, 
Appeodii B). The range of phosphorus concentrations in 
coking coals shipped from the province is covered in the 
next section. 

Even if a direct comparison between the Mist Moon- 
tain and Gates clean samples were valid, there are still 
conditions which could lead to differences in trace ele- 
merit behaviour of the type seen here, without having to 
invoke a fundamental difference in the manner of associ- 
ation of phosphoros. Finkelmao (1980) and Swaine 
(1990) have summarized the weaknesses in the washabil- 
ity approach to determining an element’s aftinity in coal, 
in particular noting that elements associated with mineral 
gains which are timely diipersed through the organic 
matrix (macerals) wiI1 behave as though they are associ- 
ated with the organic fraction. Given the important influ- 
ence of small amounts of accessory mineral grains on 
trace element concentrations, it would be extremely sur- 

prising if trace elements in coals from diiferent geolo@aJ 
formations behaved identically in float-&k tests. 

The contrasts in the washability behavioor of phos- 
phorus in individuaJ Gates Formation seams (Figure ll), 
suggest that the iotlueoce of the degree of dispersal and 
grain size of mineral gains noted in the previous para- 
graph may in fact be operating, with the seams which 
demonstrate more increases than decreases perhaps con- 
taining a greater percentage of their phosphorus in fmely 
dispersed grains. 

The crandallite-series mineral gorceixite, which was 
identitied in the low-temperature ash of one Mist Mow- 
tain Formation sample, occurs in some tonsteins found in 
the Kooteoay coaltields, as does apatite, though less fre- 
quently. This suggests a possible volcanic source for some 
of the phosphorus in British Colombia coking coals, as 
the tonsteins are believed to have a volcanic origin 
(Goodarzi et al., 1990). 

COMPARISON WITH WORLD COALS 
The range in phosphorus values in metalhwgical coal 

products from British Columbia is 0.023 to 0.079 per cent, 
with an onweighted average of 0.046 per cent (Iigures 
derived from ash analysis data in Appendii B ofPrice and 
Gransden, 1987). The calculated means of clean coal 
phosphorus data in this study (0.030 to 0.044 per cent) arc 
close to this product average, and in the case of the Gates 
Formation the mean corresponds almost exactly. Overall, 
a phosphorus concentration on the order of 0.05 per cent 
is a representative average for our clean coking coals. 
With raw coals it is not possible to determine a single 
average, but mean phosphorus contents in the three met- 
allurgical coal bearing formations raoge from about 0.04 
to 0.08 per cent. 

The estimated range of phosphorus contents in most 
world coals is on the order of 0.001 to 0.3 per cent 
(Swaine, 1990), and ao estimated world-wide average is 
0.05 per cent (Bertine and Goldberg, 1971). The mean 
concentrations of phosphorus in British Columbia’s cok- 
ing coals, clean and raw, clearly compare favoorably with 
both this range and average. Moreover, phosphorus coo- 
tents in British Columbia coals do not appear to be 
anomalous when compared with ranges of values of coals 
from Australia, South Africa, Europe, U.S.A., U.K. and 
other regions (xe Swaioe, 1990, Table 5.23). Phosphorus 
concentrations in 2Ml samples of Bowen Basin (Qwxs- 
land) coal, for example, raoge from 0.001 to 0.35 per cent. 

When comparing the mean concentrations of phos- 
phorusinourcoalswithmeanvaluesfromothercountries 
some contrasts are apparent. For example, coals from the 
eastern United States, including Appalachian coals cited 
by Finkelman (19f@, for which the mean in 754 raw(?) 
samples is 0.018 per cent, tend to contain less phosphorus 
thanourcoals.Theaveragephosphoruscootent inBritish 
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coals is 0.025 per cent (British Coal Corporation, onpub- 
lished data, in Burchill et al., 19!Xl), while the average 
phosphorus concentration in coals from New South Wales 
and Queensland is 0.031 per cent (Swine, 1977). British 
Columbia coals thus appear to contain relatively higher 
mean concentrations of phosphorus, but by factors much 
less than an order of magnitude, than coals from sonx 
other parts of the world. 

MARKETING AND PRODUCTION 
IMPLICATIONS 

Whether phosphorus represents a negative factor in 
the marketing of coking coals depends on many other 
variables, as noted in the Introduction. The large vohone 
of British Columbia coking coal currently being sold on 
the world market (in excess of 20 million tonnes per year) 
suggests it is not in general a sign&ant problem. Specific 
users may have n~ore stringent specification require- 

ments, however, and achieving success in these markets 
nmy involve tight production control. 

The data summarized here suggest that, where Iimit- 
ing phosphorus in raw coal is a concern, there appeaa to 
be some potential in selectively mining seams from par- 
ticular parts of the stratigraphy. However, careful qwdity 
control sampliig, even within a single seam, would be 
necessary to overcome the wide variabilities in phospho- 
rus concentrations. 

Phosphorus concentration in a clean coal depends on 
the concentration in the raw coaI, as well as the response 
of the coal to beneficiation. The good news here is that 
thephosphorusinKootenayandPeaceRiverc&ngcoaIs 
appexs to be mainly inorganically associated, implying 
that separation during coal processing should, in general, 
be relatively simple. However, there appear to be incon- 
sistencies in the responses of individuaJ samples or seams 
to washing, probably related to the variations in ease of 
liberation of the apatite mineral grains. 
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CONCLUSIONS 

Calculated mean phosphorus concentrations in raw 
coals of the Mist Mountain, Gethiig and Gates forma- 
tions areO.076 per cent, 0.063~~ cent andO.OUper cent, 
respectively. There is no consistent stratigraphic trend in 
mean phosphorus concentrations in the Mist Mountain 
Formation, but seams in the upper half appear to contain, 
on average, more phosphorus than those from the lower 
half, and seams in the basal part of the formation are 
relatively low in phosphorus. In the Gates Formation also, 
seams from the upper part of the section tend to contain 
higher concentrations of phosphorus. In all examples 
studied, variations in raw phosphorus concentrations 
within samples from a single seam can be large. 

Phosphorus in British Columbia coking coals is pre- 
dominantly associated with inorganic material, chiefly 
apatite minerals, including fluorapatite. The two main 
factors affecting the phosphorus content of a given coal 
are the amount of ash and the mineralogy of the accessory 
minerals. A representative average phosphorus content 
in clean coking coals is 0.05 per cent. 

Future work will focus on accurately determining the 
actual sites that phosphorus occupies within the coal, and 
this will lead to a better understandiig of how to control 
this element in British Columbia’s coking co&.. 
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